The synthesis of silicon microspheres is of outmost importance, especially for the production of optical and electrical devices due to their unique properties displayed by this material. In this paper, we review the research on the synthesis of silicon microspheres, including one physical method, the drop method and several chemical methods, such as vapor-phase reaction, vapor-solid reaction, liquid phase reaction and magnesio-thermal reduction method. The formation mechanisms for silicon microsphere particles are also summarized.
Introduction
As is well known, silicon is a raw material in many industrial sectors as metallurgy, electronics, and photonics. It has been widely used in the microelectronic industry [1, 2] for producing semiconductor devices for more than half a century. Silicon is transparent to near-IR light due to its bandgap of 1.1 eV and its high refractive index (n = 3.48) increases the optical path-width and makes it possible to use it for the production of smaller devices [3] . Therefore, silicon can be also used for the production of special optical devices as photonic crystals [4] [5] [6] , waveguides [7] [8] [9] , multiplexers [10] , and nano-lasers [11, 12] . Recently, the photovoltaic industry has seen a rapid development due to increasing efforts in environment preservation. In particular, spherical silicon solar cells, based on small-size crystalline silicon microspheres have attracted considerable interest for saving the silicon feedstock and realizing low-cost photovoltaic modules [13] [14] [15] [16] . Silicon microspheres can also be used for detectors, modulators, and optical switching because silicon-based Raman lasers can overcome those shortcomings such as large nonlinear optical losses and low output efficiency existing in conventional Raman lasers [17] [18] [19] [20] . In addition, silicon microspheres have received much attention within the optical micro cavity resonator community because microspheres possess high quality factor (Q-factor) morphology-dependent resonances (MDR), i.e. whispering gallery modes (WGMs) [11] , which make them suitable for applications in this field. It is worth mentioning that spherical silicon composites show promising applications as anodes for next-generation Li-ion batteries, due to their lower irreversible capacity, higher energy density, and good process-ability [21, 22] .
The synthesis of silicon microspheres with controlled morphology is of outmost importance. Researchers have carried out investigations on the preparation of silicon microspheres by various processes, and many efforts have been made to obtain silicon microspheres of relatively uniform sizes and smooth surfaces. It is crucial to investigate the growth process in order to achieve higher material quality and a number of studies have been dedicated to the mechanisms of preparation of silicon microspheres. This paper provides a review of the synthesis procedures for obtaining silicon microspheres, covering both physical and chemical methods. The paper also provides a brief review of the formation mechanisms of silicon microspheres produced by decomposition of silicon hydride.
Synthesis of Silicon Microspheres
Synthesis processes of silicon microspheres may involve physical methods, such as the drop method, or chemical methods, such as vapor-phase reaction method, liquid-phase reaction method, and others. Table 1 gives the comparison of different synthesis methods. This section provides a detailed introduction to the most common ones of them. 
Physical Methods
The drop method. The most commonly used physical method to produce silicon microsphere particles is the drop method [28, 29] . The main advantage of this method is that crystals can be fabricated directly from molten silicon without chemical reactions and the risk of explosive hazards. However, a complex experimental apparatus and high temperatures are needed; furthermore, the spherical silicon fabricated by this method has usually a rather poor crystallinity and it is not uniform in quality. Fig. 2 Surface morphology of silicon microapparatus used for the drop method [30] . spheres with (a) (b) rough and (c) (d) smooth surfaces fabricated by the drop method [23] . Fig. 1 shows a schematic diagram of the experimental apparatus [30] . It consists of a dropping furnace and a free-fall tube, including a crucible with a nozzle at the bottom, a receiving box and heaters. First, the source material is filled in the crucible and is melted with heaters. Then, the silicon melt is driven towards the nozzle by the pressure of an inert gas to form droplets. The inert gas atmosphere in the dropping area is important, because it is effective for decreasing impurities concentration. The droplets are cooled down by ambient Ar gas in the free-fall tube and they solidify into spherical silicon particles by surface tension. In order to obtain high quality silicon microspheres, it is crucial that molten silicon droplets solidify at low undercooling conditions and with a low cooling rate. The silicon microspheres are finally accepted by a receiving box mounted at the end of the free-fall tube. Fig. 2 shows the surface morphology of silicon microspheres of 1mm in diameter with (a) (b) rough and (c) (d) smooth surfaces fabricated by the drop method [23] . Because the silicon microspheres formed by this method generally had poor crystallinity, containing high-density grain boundaries, point defects, and dislocations [31] [32] [33] , some researchers have been working on improving their quality and the yield [29, [34] [35] [36] [37] . For instances, Liu et al. [34] developed a novel seeding crystallization technique by ejecting silicon powders onto the molten silicon droplets and they obtained silicon microspheres with a size distribution around 1.0 mm in diameter. Kuzuokaa et al. [35] studied the relationship between the fabricating conditions and the
Fig. 1 Schematic diagram of the experimental
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Functional and Functionally Structured Materials resulting. By controlling the cooling rate, high quality spherical silicon particles, which consisted of 2-3 grains, were obtained. Huang et al. [29] reported a new approach, namely, a melting and recrystallization process of the particles formed by the drop method. The silicon droplets were recrystallized under different super-cooling conditions and spherical silicon single crystals, free of defects, were grown successfully in the super-cooling range of 285K-315 K.
Chemical Methods
Silicon precursors and diluents. Silicon microspheres can be also prepared through chemical methods. Silicon precursors and diluents are needed for certain chemical methods, such as vapor phase reaction method and vapor-solid phase reaction method. In the early days, several gases were explored as precursors for the synthesis of silicon microspheres, but monosilane SiH 4 and trichlorosilane SiHCl 3 are the ones most frequently used now. The main reasons for using monosilane are the relatively low pyrolysis temperature and the absence of reverse reactions. The thermal decomposition temperatures of SiH 4 and SiHCl 3 are about 693K and 741K, respectively [38] . However, decomposition reaction often operates at higher temperatures than the decomposition one to assure the formation of a crystalline structure [39] . Moreover some intermediate silicon chlorides need higher temperatures to decompose and low-temperature amorphous structures might reduce the quality of the material [40] Three main diluents are generally used in preparing silicon microspheres: hydrogen, argon and helium. Diluents are primarily employed to reduce the number concentration of particles and to slow down decomposition rate so as to prevent particles from growing large and avoiding agglomeration [41, 42] . In addition, diluents may have a considerable effect on gas-phase reactions. For example, an inert ambient largely promotes homogeneous reactions of SiH 4 , whereas a hydrogen atmosphere decreases the homogeneous nucleation rate [42, 43] . Swihart & Girshick [44] also observed that the critical temperature for the onset of nucleation was substantially higher in a hydrogen atmosphere than in inert one. Vapor phase reaction method. The most commonly used chemical process for silicon microspheres production is the vapor phase reaction method. The decomposition of a silicon-containing precursor is induced by heating at the decomposition temperature, and the SiH 4 (silane) or trichlorosilane SiHCl 3 gases undergo the following reactions as Eq. 1 and Eq. 2:
Particle synthesis is conducted in the gas-phase either in static [45] or in flow reactors [46, 47] . The static reactors process offers some advantages over the flow reactor one, such as simpler process and higher quality microspheres, however it is a non-continuous process, so that flow reactors are more widely used. The main advantages of using flow reactor are the high-throughput, continuous operation and low energy costs [48] . Wu et al. [41] also reported the synthesis of spherical silicon particles by rate-controlled thermal decomposition of silane in a vertical flow reactor. Fig. 3 shows the schematic diagram of their apparatus which consists of an 850 mm long quartz tube that is heated in five separate zones. The reactor was designed as to assure that the initial reaction rate could be kept at very low values, in order to severely limit the size and number concentration of particles generated by nucleation. In their procedure, the temperature of the reactor wall is gradually increased, with the first reaction zone heated to 770 K and the fifth one to 1523 K. By increasing the temperature along the length of the flow reactor, silane decomposes sufficiently slow and complete decomposition is assured to facilitate control of the structure and the crystalline state of the particles. The powders generated by this flow reactor consisted of high-purity, spherical, non-agglomerated, and uniformly sized particles. Most of the particles were crystalline. Fig. 4 shows the Transmission Electron Microscopy image of the silicon microspheres.
Onischuk et al. [49] also performed experiments to synthesize spherical silicon particles in vertical flow reactor, with the aim of investigating the mechanism of aerosol formation during thermal decomposition of silane. Fig. 5 shows the schematic diagram of their experimental set-up. Before entering the reactor, a mixture of silane and argon was let through an aerosol filter and the gas flow rate was varied in the range 5.1-16.3 cm 3 s -1 (at 293 K and 39 kPa). The mixture was thermally decomposed at temperatures between 790K and 1000 K. As shown in Fig. 6 , compact aggregates were observed at T < 830K, whereas chain-like ones were found at T > 830 K.
A horizontal flow reactor was reported by Littau et al. and Fig. 7 shows the schematic diagram of their apparatus [42] . The reactor has three sections where, respectively, initial pyrolysis, particle dilution, and surface oxidation take place. The precursor was diluted to 3-30 ppm in Helium gas and the pyrolysis temperature was 1138K. The microspheres generated by this technique exhibited a core-shell structure: the 13 nm core of crystalline silicon was capped with an approximately 1.5 nm shell of amorphous silicon dioxide 508
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Huisken et al. [50] reported that the CO laser-induced decomposition of silane in a flow reactor also yielded spherical core-shell particles with diameters between 2 and 20 nm. Fig. 8 (a) shows a TEM micrograph of the obtained particles. Remarkably, the particles produced in the pulsed mode did not agglomerate to larger aggregates. This is ascribed to the early extraction of the nanoparticles from the reaction zone and their fast cooling in the supersonic expansion with helium carrier gas. Moreover, the size distribution of the particles was narrowed by using a mechanical chopper. As shown in Fig. 8 (b) , High-Resolution Electron Transmission micrographs indicates that the silicon nanoparticles produced in this experiment also consisted of a perfect monocrystalline core surrounded by a shell of silicon oxide. In order to prepare spherical nanoparticles with a narrow size distribution, Körmer et al. [24] presented experimental studies in a hot wall reactor. The design was inspired by the reactors of Kirchhof et al. [51] and Fernández de la Mora et al. [52] . Fig. 9 shows the schematic diagram of the experimental set-up used by Körmer et al [24] . Spherical silicon powders were obtained at a high production rate by a proper choice of the governing parameters: temperature, residence time and precursor concentration. Scanning Electron Microscopy image, as shown in Fig. 10 [24] , reveals that the size of the silicon particles was in the range of 20nm~40nm with a narrow size distribution. Moreover, the X-ray diffraction pattern and HRTEM images show the particles were highly crystalline. Vapor-solid reaction method. The synthesis of uniform particles by vapor phase reaction method, called vapor-solid reaction method, requires the use as seeds of a small number of much smaller particles [40, [53] [54] [55] . The main advantages of this approach are controlled size distribution and continuous production, whereas the drawback is the need to previously introduce seeds. A schematic illustration of this kind of fluidized bed reactor is shown in Fig. 11 [56] . Silane and hydrogen gases enter at the bottom of the reactor with a sufficiently slow flow to fluidize the bed of silicon particles. When the silane gas is heated, it decomposes to solid silicon and gaseous hydrogen. Most of the solid silicon deposits on seeds, causing the particles to grow. While seeds are added, or generated, to ensure constant average particle size, silicon products are removed from the reactor to ensure mass balance during continuous production. Zbib et al. [48] reported spherical particles production by this method. Fig. 12 shows the TEM image of the obtained silicon nanoparticles. Fenollosa et al. [25] also demonstrated a vapor-solid reaction method to obtain silicon microspheres by high temperature decomposition of disilane gas (Si 2 H 6 ). As shown in Fig. 13 , the obtained silicon microspheres, with diameters from 0.5μm to 5μm, had perfect spherical shape and smooth surface. Liquid phase reaction method. Silicon microspheres can be also obtained by a liquid phase reaction method, obtaining non-agglomerated particles with relatively narrow size distribution. However, the synthesis must be carried out in extreme reaction conditions. Pell et al. [26] demonstrated that trisilane pyrolysis in supercritical hexane at temperatures ranging from 673K to 773K and pressures up to 345 bar yielded amorphous silicon colloids with average diameters ranging from 50nm to 500 nm depending on the reaction conditions. Fig. 14 shows TEM (A) and SEM (B) micrographs of the amorphous Si colloids. It was found that the amorphous silicon colloids were spherical and non-agglomerated. Relatively narrow particle size distributions with standard deviations as low as ~±10% was measured by TEM. The amorphous silicon colloids were annealed after isolation from the reactor and crystallization occurred at temperatures as low as 923K. the crystalline silicon particles were also spherical and non-agglomerated. Trisilane pyrolysis in supercritical hexane provides a new approach for the synthesis of a variety of high quality silicon microspheres. Magnesiothermal reduction method. As a promising synthesis method to obtain silicon microspheres, a metal thermal reduction process proposed by Zhu et al. [27] has currently received special interest. A mixture of magnesium powder and MCM-48 silica microspheres was placed in a ceramic boat and inserted into a tube furnace, which was then heated to 893K in vacuum for 2h. The products were immersed in HCl solution for 6h at room temperature and were then exposed to a HF solution for 10 min to ensure that any oxide and excessive Mg powder were completely eliminated. At last the final products were obtained after drying at 373K for 4h. SEM images of the original MCM-48 silica beads (a) and the as-synthesized mesoporous silicon microspheres (b) are shown in Fig. 15 : it can be seen that the original spherical shape and size are well preserved after reduction and the subsequent treatments [27] . Fig. 15 SEM images of the original MCM-48 silica beads (a) and mesoporous silicon (b) [27] .
Lu & Zhang [21] also obtained spherical silicon particles by a different magnesiothermal reduction process. First silica spherical particles were prepared through hydrolysis of tetraethylorthosilicate (TEOS). Then the obtained product was mixed with magnesium powder and heat-treated at 1173K for 3h under argon atmosphere to reduce silica. The final particles were obtained after the treatment with 10 wt. % HCl solution and alcohol, and after drying at 333K in vacuum. Since the pH value of TEOS during hydrolysis determines the silicon morphology, spherical particles could be controllably synthesized by adjusting this parameter. Fig. 16 shows a SEM image of the final silicon microspheres with a size around 400 nm [21] .
Xie et al. [22] reported the synthesis of spherical porous silicon using the same approach as that employed by Lu & Zhang. Magnesiothermal reduction was performed at 973K-1173K for 12h in flowing Ar atmosphere. When the reaction temperature was above 1073K, the reaction products were silicon and removable MgO byproduct, while it was possible to avoid Mg 2 SiO 4 formation. MgO and residual SiO 2 were easily removed by acid etching. The morphology of the SiO 2 precursor and that of the magnesiothermal reduction product is shown in Fig. 17 [22] . It was found that the original spherical morphology of the SiO 2 particles, as well as the monodisperse distribution of sizes, could be preserved during the magnesiothermal reduction. [22] .
Mechanisms of formation of silicon microspheres produced by decomposition of silicon hydride.
In order to improve the manufacture techniques of silicon microspheres, the understanding of their formation mechanism is absolutely crucial, for it allows one to control the parameters which govern particle size and morphology. Various mechanisms of particle formation by silane pyrolysis have been proposed (44, (57) (58) (59) (60) (61) (62) . Silicon microspheres are formed by a series of complex processes including gas-phase reaction, nucleation, particle growth, and restructuring. This process is illustrated in Fig. 18 .
Fig. 18 Schematic diagram for silicon microspheres formation
Much work has been undertaken on the mechanism involved in the first step, i.e. the gas-phase reaction of silane. Hogness et al. [63] first studied this reaction and reported that silane decomposed into silicon and hydrogen by a single-step reaction. However, Purnell and Walsh proposed that the thermal decomposition of silane be a multi-body reaction and that the gaseous products in the very early stages of the reaction are hydrogen, disilane and trisilane [64] . Since then, the mechanism for the gas-phase reaction of silane has been widely studied. The present general view is that the gas-phase reaction is a complex event and that the decomposition process can proceed through a series of intermediate gas-phase species, such as silenes, silylenes, silylanions and three-dimensional polycyclic silicon hydride species [44, 57, 58, 60] , which eventually will give rise to particle formation. For example, Yuuki et al. [65] proposed a particle formation mechanism that included species containing up to five silicon atoms and the formation of particles from Si 5 H 12 , whereas Swihart and Girshick arrived to 2615 reactions and 221 silicon hydride species, up to Si 20 [44] . As a matter of fact, the actual reaction will depend on a number of parameters, like silane concentration, temperature, and pressure [40] .
Various models have been proposed to describe the second step of particles formation, i.e. particle nucleation during thermal decomposition of silane [66, 67] . Several researchers established models for homogeneous nucleation of pure silicon from its supersaturated vapor [68] [69] [70] . They suggested that formation of supersaturated silicon vapor in the gas-phase was the driving force for nucleation during silane pyrolysis. For example, Herrick & Woodruff [69] calculated the homogeneous nucleation rates of solid silicon and compared their results with experimental values, showing that the nucleation rate is determined by a very large super-saturation and a very small concentration of silicon vapor at lower temperatures, whereas in the high temperature range the super-saturation is small and the concentration of silicon vapor is large. Moreover Tao & Hunt [43] showed that inert ambient and low pressure promoted nucleation of Si 3 as shown in Fig. 19 . Fig. 19 Calculated gas-phase compositions (a) at atmospheric pressure for carrier gas H 2 , (b) at atmospheric pressure for carrier gas He and (c) at a low pressure for carrier gas He.
However, such models did not explain the experimental observation that particles formed during silane pyrolysis contained hydrogenated silicon groups. It is generally accepted that the particles are formed by a chemical nucleation process [44, 58] . Particle inception (nucleation) is induced by a collision and activation of the chemical species from gas-phase such as a silylene species with another silylene or silene species. For example Menz et al. [71] showed a model including inception reactions that led to formation of particles. Other similar mechanisms for particle formation by silicon hydride clustering were also presented [44, 57, 60, 65] . A general inception reaction can be described by Eq. 3.
Si i H j + Si k H l  P ( Si = i + K,  H = j + l)
Where the left-hand species Si i H j and Si k H l are in the gas-phase, the right-hand species P is a newly formed particles with Si number of silicon atoms and H that of hydrogen atoms. Körmer et al. [61] suggested that the stable nuclei must have a size larger than the critical nucleus diameter, representing the threshold above which gas-phase molecular clusters could convert to particles. When the diameter of the gas-phase clusters exceeds the critical nucleus diameter, particle nuclei are formed. On the basis of the above mechanism Menz et al. [71] concluded that the smallest particle nucleus is a Si 2 molecule and that the corresponding gas-phase species is silene (Si 2 H 4 A). However, Swihart et al. suggested that molecular clusters with more than 10 silicon atoms can be considered to be particles [44] . The rate of inception was calculated using the transition kernel: 
Where K tr is the transition regime coagulation kernel, C (Si i H j ) and C (Si k H l ) is the gas-phase concentrations of the colliding species, and N is Avogadro's number.
Once particles are formed in the gas phase, subsequent particle growth may occur through surface reaction or condensation [58, 62, 71] ; this represents the third step of the silicon
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Functional and Functionally Structured Materials microspheres formation process described in Fig.18 . As described in Eq. 5, growth by surface reaction refers to the heterogeneous reaction of gas-phase species on the surface of existing particles with hydrogen release:
Menz et al. proposed [62] that the rate of a surface reaction process might be modelled as an Arrhenius process and that it is also proportional to the surface area of the particle, S q :
Where R SR is the rate of a surface reaction process, E A and A are the Arrhenius parameters for silicon hydrides Si i H 2i+2 in the gas-phases, and C (Si i H 2i+2 ) is the concentration of silicon hydrides Si i H 2i+2 . Particles could also undergo a growth process due to condensation reaction of silicon hydrides from the super saturated vapor, as described in Eq. 7:
The condensation process of silicon hydrides on the particle surface was described by Sander et al. [72] as a collisional process, so that the rate of reaction is given by a collision kernel. Following these calculation, condensation led to an increase of particle volume and increased the sphericity. Körmer et al. [61] confirmed that the occurrence of condensation plays an important role on formation of silicon nanoparticles with narrow size distributions. Celnik et al. [73] proposed that the growth rate due to the condensation process can be calculated according to:
Where  denotes the efficiency of the collision; C, m, and d denote the gas-phase concentration, mass, and collision diameter of the condensing species, respectively; k B is Boltzmann's constant; and d c denotes the collision diameter of the particle.
According to Kirchhof et al. [51] , as the particle size increases, particles restructure to form spherical silicon by particle coagulation accompanied by sintering (last step in Fig. 18 ). The coagulation and the sintering processes determine the shape and the size of the final particles [51] . Sintering reduces the particle surface, minimizing the free energy, and making them rounder, whereas coagulation decreases their sphericity [72] . Wu et al. [41] obtained highly-spherical crystalline silicon particles through coagulation and sintering of smaller particles at a high temperature, the latter causing coalescence, and yielding spherical particle. Coagulation was also considered as the result of collision and subsequent adhesion of two primary particles. Sander et al. [72] proposed that the coagulation rate R coag of two particles P i and P j is proportional to the free molecular collision kernel:
Where m represents the mass and d c represents the collision diameter. However, Onischuk et al. [60] proposed that the coagulation constant K (i, j) for the two particles is set as:
Where K α (i, j) is the rate constant of the free-molecular coagulation and K D (i, j) is the rate constant for the diffusion-controlled coagulation. The rate constant for diffusion controlled coagulation is represented as:
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Where r i and r j are the radii of the colliding particles, d i and d j are the diffusion coefficients of these particles. Menz et al. [62] proposed that the rate constant of coagulation be given by the transition kernel, with the transition regime coagulation kernel K tr represented as: (12) Where K fm (i, j) is the free molecular collision kernel and K sf (i, j) is the slip flow kernel. The equation is similar to that proposed by Onischuk et al. [60] .
The term sintering refers to the coalescence of connected particles through neck formation by solid-state diffusion. The sintering rate R sinter depends mainly on the excess surface of the particles in respect to their equivalent spherical particle. The asymptotic equation describing the sintering of a particle was presented by Koch & Friedlander [74] . It is expressed in the form: 
Where a denotes the surface of the two primary particles; a final denotes their equivalent spherical surface area; and τ denotes a characteristic sintering time which is related to the time required for two neighboring primary particles to coalesce.
When the particle restructures to form spherical ones, hydrogen evolution occurs; for example, Onischuk et al. [60] proposed hydrogen evolution from SiH and SiH 2 groups belonging to the particles to form silicon particles. Menz et al. [62] suggested that release of hydrogen from particles be a stochastic jump process and could be considered as a hydrogen desorption process. Sinniah et al. [75] showed that the rate of hydrogen desorption is proportional to the coverage of hydrogen (first-order reaction). Based on their study, Menz et al. [62] proposed that the rate of hydrogen desorption could be given described by: 
Outlook
Various methods have been developed for the synthesis of silicon microspheres and substantial research has been done in order to improve the quality and the yield of their production. However, there are still many challenges to be tackled by current approaches. Furthermore, the formation of silicon nanoparticles is becoming more and more important in the production of powder catalysts, ceramics, nano-electronic devices, etc. Therefore a major issue is presently to devise methods to obtain nano-sized silicon particles. The particles should be uniformly sized to generate high quality.
Another challenge is that the product yields of spherical silicon particles are usually low, limiting their practical application.
